Evidence for a spatiotemporal singularity in percept formation by cerebral cortex
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Abstract. Cinematographic displays of electrocorticogram (ECoG) show waves resembling the ocean in rough weather. Yet arising from this ‘noise’ are stable spatial patterns correlated with behavior. Extracting some invariant properties of the patterns requires high-resolution measurements. Spatial resolution is by 8x8 high-density electrode arrays (spacing 0.8 mm). Spectral resolution is by high-order FIR filters. Temporal resolution is by the Hilbert transform, which gives analytic signals (instantaneous amplitudes and frequencies) in the beta and gamma ranges. Analyses reveal waxing-waning phase-locked oscillations synchronized over large areas, mostly conforming to Rayleigh noise but with intermittent emergence of down spikes when narrow-band ECoG power closely approaches zero. These uncommon extreme events precede emergence of stable spatial frames of amplitude and phase modulation of a common instantaneous frequency. Theoretical analysis of null spikes gives the hypothesis that they manifest a singularity in cortical dynamics that is prerequisite for repeated phase transitions in the formation of percepts. 
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1   Introduction
Sensory cortices in brains sustain the embedding of the self in the environment by reorganizing sensations from sensory receptors into perceptions, which provide the meaning and significance of the sensory input. Each batch of sensory input, such as from a saccade, whisk or sniff of a conditioned stimulus (CS), delivers a volley of action potentials to the appropriate sensory cortex, which triggers a phase transition [5, 8] into a widely synchronized oscillation. The frequency of the carrier wave is modulated in amplitude (AM) and phase (PM) [2]. The AM and PM patterns are relatively invariant in each frame [2]. The spatial AM pattern categorizes CS and transmits the information to other parts of the brain. The spatial PM pattern in the form of a cone defines the location and duration of synchrony. 
The hypothesis was proposed [3, 5] that the initiation of a phase transition required approach of cortical dynamics to a singularity [1, 5] revealed by an extreme event [7] at a point in time and space. New evidence confirmed the extreme localization of null spikes marking the temporal onsets of following phase cones, and predicted the coincidence of the spatial location of the null spikes and the apices of the cones. 
2 Methods
The ECoG data were recorded from the olfactory bulb and the visual, auditory, somatic cortices of rabbits trained to discriminate CS in the appropriate modalities. High resolution was required for measurement of ECoG signals in the spatial, spectral, and temporal dimensions. Spatial resolution was optimized by use of spatial spectral analysis to minimize interelectrode distance (0.79 mm) in square electrode arrays with optimal aperture (6x6 mm) on the cortical surface (Chapter 4 in [1]). Spectral resolution was by a FIR filter with order 1000 to 4000 to optimize a pass band of 5 Hz in the beta and gamma ranges [3, 4]. Temporal resolution was optimized by sampling at 500/s over time segments 6 sec in duration recorded from individual trials with CS, and by use of the Hilbert transform to calculate the instantaneous analytic signal, which was decomposed into the analytic power (amplitude squared), unwrapped analytic phase [2, 3], and analytic frequency. 
3 Results

The ECoG power spectral density (PSD) over segments ≥5 sec is flat from 1-10 Hz (Fig. 1, A, black curve) and has a power-law distribution over the beta (12-25 Hz) [image: image1.wmf]
Fig. 1. A. PSD [6]: finding the carrier band to within ± 2.5 Hz is crucial. B. Gamma ECoG, 62 signals. C. Log10 analytic power from the Hilbert transform of band pass filtered signals. D. Analytic frequency. Phase resolution needed to demonstrate spatial coincidence of the null spike and the apex of the following conic phase gradient holds only for non-overlapping down spikes (as at a) and not when other bursts supervene (j and k). The start time on the abscissa is + 20 sec in the cinemas at http://sulcus.berkeley.edu/Null_Spikes_Apices/ [9].  

and gamma (25-100 Hz) range [7]. In active states labeled “test”, when subjects discriminate CS, peaks of excess power appear there and also in the theta range (3-7 Hz). PSD of short time segments (~0.25 sec) give peaks in the beta-gamma range (gray curve). Narrow band pass filtering gives typical Rayleigh noise: waxing and waning oscillations at frequencies randomly distributed in the pass band (Fig. 1, C, 62 superimposed ECoG signals). In time series the power approaches zero on most channels and in the spatial mean waveform. Log10 power shows clusters of down spikes between peaks of analytic power (Fig. 1, B) that co-occur with indeterminate values of analytic frequency (Fig. 1, D) and discontinuities in analytic phase [2]. 
Serial frames of filtered ECoG, when displayed as movies, show a surface that flaps and rolls like the ocean in storms [9]. (Fig. 2, d-i) gives an example of frames in a half cycle at 52 Hz (center frequency, 19 msec wave length) in five 2-msec time steps. This example was taken near the peak of the burst of oscillation in Fig. 1, C (d-i). Three spatial patterns held across the time segment from b-c in Fig 1: the analytic power (Fig. 2, b), the analytic phase in the form of a cone with fixed location and sign of the apex (Fig. 2, c, implosion), and constant distribution of frequency in mean and bandwidth (segment b-c seen in Fig. 1, D). Variations near these invariant quantities occurred in sign and slope of the cone, the rotation of the gradient about the apex (clockwise, counterclockwise, or none), and the oscillation in ECoG amplitude. These variations and the overlap of multiple events at similar frequencies obscured the invariants embedded in random background noise [2].
[image: image2.wmf]
Fig. 2. a. Spatiotemporally localized null spike at a in Fig. 1. b. Invariant AM pattern b-b( in Fig. 1. c. Invariant PM pattern in b-c (Fig. 1). d-i. Half cycle ECoG amplitude at 52 Hz [9]. 

At some time preceding emergence of the stable spatial pattern of analytic power, an extremely deep down spike, a null spike, occurred that was tightly localized in both time and space (Fig. 2, a). The spatial location corresponded to the location of the extreme value (maximal lead or maximal lag = apex) of the following stable spatial PM pattern of the analytic phase (implosion, Fig. 2, c, min). 
4 Discussion 

Relative invariance of AM and PM patterns and carrier frequency in each frame, documented in prior studies [2], is confirmed by analyses of cinematic displays. Temporal distributions of analytic amplitudes and intervals between down spikes are known to conform to Rice statistics [3], which is one of a class of descriptors of extreme events [7], such as oceanic rogue waves, and which serves to predict the rarity of the null spike [4]. The new finding by cinema is the sharply localized funnel shape of the null spikes; the width conforms to the predicted point spread function of surface potential for a point dipole located at the known depth of the cortical dipole layer in neocortex [1]. Its co-location with the apex of the following newly organized conic PM pattern is apparent but not confirmed with the necessary precision and statistics [5]. Large-scale mesoscopic organization is confirmed by the expansion or contraction and rotation of AM/PM patterns. The random spatial distribution of null spike locations conforms to that of apices [2]. Limitations on precision of co-location are imposed by the temporal sampling rate of 500/s and by the coexistence of multiple AM and PM patterns at neighboring carrier frequencies. Higher digitizing rates and more sophisticated decomposition beyond PCA and ICA are needed to complement the high definition afforded by high-density arrays. 
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